Abstract: The authors present a method for planning a base station's position in a mobile communication system taking into account both the requirement to minimise the environmental impact of the radiated electromagnetic fields and the requirement to assure a suitable quality of service, i.e. C/I ratio, coverage, efficiency, served traffic. The model is based on five functionals and the overall optimisation procedure is carried out by a genetic algorithm. As an example of its application, the proposed method is applied to an imaginary town, subdivided into areas with different constraints for the previously mentioned requirements. Results reported show the behaviour of each functional, as well as the global optimisation of the network.
Introduction
Increasing demand for personal communication systems is leading to an increasing number of radio base stations (RBSs) to ensure the complete radio coverage of a given territory for a greater number of users. At the same time, people have become more sensitive to the problem of possible hazards due to radiated electromagnetic fields and consider RBSs dangerous to human health. Even though no scientific evidence of any relationship between the electromagnetic fields radiated by base-station antennas (BSAs) and human disease has been shown, precautionary measures against an uncontrolled increase of the electromagnetic field level must be taken. On the other hand, the most suitable quality of service (QoS) has to be assured by the network; many people consider this aspect in contrast to the precautionary principle, and therefore an accurate strategy for BSA location is necessary.
Network planning is a complex task that has to meet many system requirements. In particular, coverage and traffic demand are the most important. The optimisation of a cellular network has been dealt with in previous work [1] [2] [3] [4] [5] [6] . For example, Lee and Kang determined the number of base stations and the location and capacity of each to cover increased traffic demand using a tabu search approach [1] . In their contribution they were mainly interested in the possibility of expanding the capacity of pre-existing RBSs. In [2] an automatic procedure based on simulated annealing is used for site selection and for basestation configurations (antenna type, power control, azimuth and tilt), optimising specified characteristics such as wide area coverage and high traffic capacity. Sites where the RBSs can be positioned are chosen from among a set of possible sites. In [3] the objective is to determine the optimal location of base stations for a given link budget (which is a function of the building locations, building heights, attenuation through walls, transmitter power, receiver sensitivity, and frequency of operation), cell capacity, traffic, and maximum allowable interference. The decision variables are the base-station locations, their corresponding heights, and the total number of base stations required to provide the desired coverage. In particular, the coverage is calculated using the ray tracing technique.
We present a model for the planning of new RBSs in a GSM network that considers both the environmental impact of electromagnetic fields and the communication requirements. The optimisation procedure is based on the genetic algorithm [7, 8] , and is applied to an imaginary town with selected characteristics. The decision variables are the base-station locations, radiated powers, and the tilt of the antennas. The total number of required RBSs is pre-defined according to traffic considerations. Our objective function (the function that has to be minimised in an optimisation problem) is a combination of different objective functions that represents all the requirements to be fulfilled. This leads to the development of a code that permits an optimal planning for the RBSs of a cellular network.
Two main requirements are considered in the design algorithm of the simulated communication system: the first is the electric field level, considered to quantify the environmental impact of the network; the second is the (QoS) as a function of carrier-interference (C/I) ratio, radio coverage, and system capacity. In addition, the system efficiency, given in terms of cost reduction of the global network, is also considered.
The genetic algorithm is used to optimise a functional that represents mathematically the behaviour of the system and all its constraints. In this context the solution achieved by the code is 'optimal' in the limit of the adopted optimisation procedure.
Results are provided for an ideal town subjected to specified conditions of QoS, and to limits for the environmental impact of the electromagnetic fields.
Problem formulation
The problem concerns the definition of the RBS positions, antenna tilts, and radiated powers for a specified number of RBSs serving the area of interest. The proposed solution is based on mathematical functionals that must be optimised considering the following principal requirements: minimisation of the radiated electromagnetic field, maximisation of the C/I ratio, minimisation of the distance between RBSs and the traffic to be served, maximisation of the percentage coverage, and maximisation of the economic efficiency of the base-station system.
The first requirement is not only due to a general precautionary principle, but also to a specific law: in fact the Italian standards regarding electromagnetic emission impose a limit for the electric field intensity of 6 V/m for longterm exposure, and state that, in any case, the electromagnetic field emissions have to be minimised compatibly with the QoS.
From a practical point of view the area of interest is divided into regions, each served by one BSA. Moreover, the area is discretised into a number of elements P Â Q, of approximately 10 m side. The chosen dimension of the elements gives a reasonable spatial resolution for the orographic description of the area.
For each of these parameters a functional has been developed so that an optimal solution for each requirement can be found. The overall optimal solution is represented by a linear combination of the functionals [2] 
where f i is the functional for the ith requirement normalised to its maximum value f imax ; normalisation is necessary because they represent non-homogeneous quantities and are very different in value. Each functional is described in the following Section. The w i terms are weighting parameters, and according to specific situations their values can be chosen to emphasise a particular aspect. For example, if the constraint concerning the environmental impact, represented by functional f EI , is dominant, the value of w EI is chosen to be greater than the other weights.
The pentagon of Fig. 1 is used to give a visualisation of the results of the optimisation procedure. In fact, if the pentagon centre represents the origin of a radial co-ordinate system, and if each vertex of the pentagon represents the value 1, each segment between the centre and the vertex denoted by R represents the range of variability for a normalised functional. At the end of the optimisation procedure the values of the normalised functionals are reported on the corresponding radial segment according to the following formula:
where f i is the ith functional, and f imax and f imin its maximum and minimum values, respectively. These points are the vertices of an inscribed irregular pentagon (pentagonal 'firma' of the solution), whose area depends on the achieved optimisation level. The larger the area, the better is the optimisation. The external regular pentagon represents the ideal result. The key point of the algorithm is the evaluation of the received power
where P t is the transmitted power, G t and G r are transmitting and receiving antenna gains, respectively, A fs is the free-space attenuation, A WI is the attenuation due to the urban environment evaluated according to the Walfisch-Ikegami formulas [9], A feed is the feeder attenuation, and A tilt is the tilt attenuation that accounts for the antenna radiation pattern in the vertical plane.
Functionals

Environmental impact of electromagnetic field
The first functional represents the level of the electromagnetic field and must be minimised (maximum reduction of the emission in Fig. 1 ). For simplicity it is called the environmental functional. Different safety field levels can be assigned to the areas, and therefore, for each element, the protection level is defined in terms of maximum allowable field intensity. The functional also takes account of the possibility of excluding some highly protected areas (hospitals schools, historical centres of towns, etcy) from the RBS positioning. The functional of the environmental impact is
where Q i (3, 6, 20 V/m) is the safety level for the ith element, E i,k is the electric field radiated by the kth RBS in the ith element, C k is the number of carriers for each RBS, E oi is a background electric field already present in the area to be covered, M is the total number of RBSs and P Â Q is the number of elements into which the area is divided. Minimising the electric field radiated in the area leads to a minimum value of the functional f EI . In particular, if an area is highly protected its safety level Q i is low, so the corresponding terms in the summation are characterised by a high weighting. In this way the algorithm tries to limit the value of the field in those elements, decreasing the corresponding terms by changing the position of the RBSs, their radiated power and their tilt.
Distance between RBS and traffic barycentre
One of the requirements that the providers try to fulfil is that the base stations have to be positioned as close as possible to the traffic barycentre. This objective can be reached by weighting the distances of each element from the RBS with the traffic input data. In this way the algorithm tries to reduce the distance from the RBS to the elements with the highest traffic. The functional for the traffic is
where T i,k is the traffic in the ith element belonging to kth region (area served by the kth RBS), and its value can be 10 or 25 or 45 Erlang, dist(.) is the distance between the kth RBS and the (i,k) element, M is the number of regions (or RBSs) and N k the number of elements in the kth region.
C/I ratio
The third functional is related to the QoS in terms of C/I ratio. The optimisation consists in maximising the ratio in each cell. In this case the input data necessary for the code is the minimum C/I ratio allowed for each element. The functional is
where R k,i , is the limit for the C/I ratio in each element, (It can assume the value 9 or 18 dB), P k,i,j is the power received from the jth RBS in the ith element in the kth region, M is the number of RBSs, and N k is the number of elements in the kth region. The power levels in this function are expressed in dBm.
The main feature of this approach is that the interference is not described in terms of co-channel frequencies but in a more precautionary way, considering all the RBSs except the best server as interfering sources.
By changing antenna positions, powers, and tilts according to this functional the algorithm tries to locate the RBSs far from each other to reduce the interference. At the same time it tries to put them near the zones where the desired C/I is greatest, in order to increase the signal. The capability of characterising each element (and therefore each region) with a specified value of C/I makes this functional very flexible and allows one to optimise limited areas, for example high traffic zones, tolerating worse C/I for low traffic areas.
Coverage
The fourth functional evaluates the coverage level. In this case the input data represent the desired signal power in each element. The goal of the optimisation of this function is to provide a minimum coverage to each element. The functional represents the difference between the desired power level in the ith element W i and the actual received power
All the power levels in this functional are expressed in watts. Using this functional the algorithm tries to locate the RBSs close to the regions where the desired coverage level is higher, whereas the areas where a lower coverage is requested are taken into account by a proper increase of the radiated power.
Economic efficiency
The last functional is developed to quantify the economic return for the provider. This aspect could be approached from various points of view. In our case, we consider that the RBSs have to share almost the same amount of traffic, and that they have to work at their maximum traffic load. A network with a homogeneous distribution of traffic among RBSs gives a better profit than an unbalanced configuration. In this case the functional is
where traffic i,k is an input datum concerning the traffic forecast in each ith element belonging to the kth region, with M being the number of regions, and N k the number of elements in the kth region. In the optimised solution a uniform traffic amount pertains to each RBS. In each algorithm iteration, the number of elements N k served by kth RBS changes as a function of the position and power of the RBS.
Therefore, in each iteration the best-server configuration is redefined.
Results
The algorithm has been applied to the ideal, level, rectangular area (4 Â 5km side) shown in Fig. 2 , divided into 512 Â 512 (P Â Q) elements. However, this imaginary town is representative of a medium-size Italian town of almost 20 000 clients for one provider, having typically a historical centre, an urban and a suburban area. The area was divided into three parts, each of them characterised by different traffic, C/I, coverage, and environmental impact levels, as shown in Table 1 . Moreover, we consider that in an inner zone the location of RBSs is forbidden (for example, close to a hospital, a school, a building of artistic or historical importance, or in general where antenna location permission is not granted). We would like to highlight that the approach is very flexible and the adopted scheme is not a constraint because each element of the area can be characterised by the most suitable values of the parameters.
The genetic algorithm was chosen to optimise the functional and in the following some data concerning the procedure are reported: six RBSs are considered to serve the whole area. This number is predetermined considering the number of clients (20 000) uniformly distributed on the area, the traffic for each client and the traffic served by each RBS (47 Erlang). A binary string coding is used to represent one RBS, and each gene is characterised by 24 bits: 9+9 bits for (x,y) co-ordinates, 3 bits for radiated power, 3 bits for tilt. The assumed range for the output power of each transmitter is from 33 to 41 dBm for each carrier, and for the antenna tilt the range is from 1 to 81. The number of carriers for the RBS is 12. The selection adopted is the population decimation: 50% of the least fit individuals are decimated. Regarding the crossover procedure, a single-point crossover with a random location selection has been adopted. The population is made up of 32 individuals.
The genetic algorithm was used simply as a tool to improve the system performance. Other optimisation algorithms are available in the literature (simulated annealing, tabu search etc.), but a comparison between them was not investigated because the assessment of the best optimisation algorithm is not the concern of the paper. On the other hand, the proposed model does not depend on the algorithm used and other techniques could be equally well adopted, even though a different 'optimal' solution would be obtained.
Data concerning the evaluation of the field and path loss are working frequency f ¼ 900 MHz, gain of the transmitting antenna G t ¼ 12 dB i , gain of the receiving antenna At first the functionals were tested separately; this can be accomplished by setting in (1) the desired weight to one and all the other weights to zero. The results are an optimal solution for each functional. When the algorithm evolves to optimise a particular functional, the other functionals also change their values, even if they do not affect directly the optimisation procedure. In this way, it is possible to check the behaviour of the other requirements when the network planning takes into account one parameter only.
Representing the resulting 'firma' of the procedure as the area of a pentagon, we achieve a visual perspective of the network optimisation. Figure 3 shows the result obtained when only the environmental impact of the electromagnetic fields is considered. The corresponding location of the RBSs is shown in Fig. 4 , which also reports the received power levels. In this case the algorithm decreases the electric field intensity to minimal values, achieved by locating the RBSs out of the area of interest. Observe that the environmental functional is perfectly optimised (f EI ¼ 1) but all the other parameters exhibit the worst working condition: the coverage is minimal because the field level is very low, the C/I ratio is very poor because a best-server station does not exist, and the efficiency is strongly reduced because the RBSs are located far from high traffic areas. Figure 5 shows the result obtained when only the coverage constraint is considered; the corresponding location of the RBSs is shown in Fig. 6 , which also reports the power levels in the region analysed. We observe that the behaviour of this functional is opposite to that of the previous one; in fact it increases the power to fulfill the requirement so that the environmental impact is high (low value of the corresponding functional). Moreover, the RBSs are concentrated in the inner region of the area where a higher coverage is requested. It is interesting that the C/I ratio is very poor because very high power levels imply very high interference levels. Therefore the choice of increasing power to improve the quality of service is not always the correct solution.
For brevity, only the pentagonal diagrams for C/I, distance and efficiency are reported in the following, without the corresponding RBS location. Figure 7 shows the result obtained when only the C/I ratio is optimised. This configuration also provides a satisfactory economic efficiency because the best-server areas are increased. As well, it provides sufficiently limited distances between each RBS and traffic barycentre. However, the C/I ratio does not affect the coverage, which depends on the absolute power level, as shown in the previous example. Figure 8 shows the result obtained when the distances between RBSs and areas with high traffic are minimised.
The algorithm locates the RBSs close to the areas with higher traffic; as a consequence, the system efficiency is also optimised, owing to a better distribution of the best-server areas with respect to the traffic. The C/I level is satisfactory, because in this case the areas with higher traffic are also the areas with higher C/I requirement. For the same reason, the environmental impact factor is very poor, because the RBSs are located where a low field level is required, typically the more heavily populated areas, but where the traffic demand is very high. Figure 9 shows the result obtained when the efficiency is optimised. In this case the algorithm places the RBSs so that each of them serves the same amount of traffic. This leads to wide best-server areas in the external region where traffic is low, and small best-server areas in the central area where traffic is high. Since the parameter considered is traffic only, the other requirements are not optimised; so for example, the peripheral areas give their contribution to the evaluation of the efficiency functional even if the field level is below the specified limit for coverage. The same consideration holds for C/I ratio. The previous results are then used to find the normalising values f imax and f imin , when the global functional in (1) is optimised, considering all the weights w i ¼ 1. The powers radiated by each antenna are 40, 36, 33, 35, 40 and 37 dBm, and the tilts are 11 except for the central antenna which has a tilt of 81. It is interesting that C/I, distance, and efficiency requirements are fully satisfied, whereas it is impossible to completely fulfil at the same time the conflicting requirements concerning coverage and environmental impact. Figure 12 shows the evolution of each functional and of the overall functional during the optimisation procedure. When the overall functional reaches a convergent solution to its minimum, the singular functionals do not reach their minima. The solution obtained is a reasonable compromise between each requirement.
Many tests were carried out to find other possible solutions. Therefore the weights of the functionals have been changed, but from these experiments we have found that w i ¼ 1 is the best choice. For example, a reduction of the environmental impact can be achieved by increasing its corresponding weight. The comparison between the pentagonal 'firma' in this case and when all the weights are set to 1 (Fig. 10) points to an expected improvement of the environmental functional, from 0.6 to 0.73, but a strong reduction of the coverage functional, from 0.56 to 0.37. The location of the RBSs (not reported here for brevity) is similar to the previous one (Fig. 11) , but the radiated powers of five RBSs are reduced to 33 dBm, the minimum allowable value, and the power of the central RBS is 38 dBm. This could seriously compromise the QoS, especially in an urban environment where the attenuation of building is very high.
Conclusions
An optimisation procedure for planning the location of RBSs in a cellular phone network has been developed by using a genetic algorithm. Environment protection against an uncontrollable increase in the electromagnetic field and, the quality of service are the parameters on which the code is based. In particular, C/I ratio, traffic, coverage, and economic efficiency were considered as constraints of the communication system. Five functionals were defined and the algorithm applied separately to each of them, and to their combination. Many results have been found from which one can infer that an optimised solution represents the best compromise among conflicting requirements. This paper has reported an organic approach to the problem of an automated procedure for optimised planning of a modern mobile radio network. The structure is quite flexible so that the proposed functionals can be rearranged to account for more specific situations, and other requirements (and thus other functionals) can be added without affecting the general philosophy of the method.
Future development of the research will concern the use of different prediction models for the evaluation of the electromagnetic field as, for example, a ray tracing model for areas in the RBS proximity, and a simple statistical model for areas far from it. To accomplish this the 3-D cartography of the region analysed, showing position and geometry of buildings, will be inserted into the code. The number of RBSs and the type of antennas will be included among the decision variables. 
